In the present study we investigated whether fetal exposure to flutamide affected messenger and protein levels of claudin-11, a key Sertoli cell factor in the establishment of the hemotesticular barrier, at the time of two key events of postnatal testis development: 1) before puberty (postnatal d 14) during the establishment of the hemotesticular barrier, and 2) at the adult age (postnatal d 90) at the time of full spermatogenesis. The data obtained show that claudin-11 expression was inhibited in prepubertal rat testes exposed in utero to 2 and 10 mg/kg⅐d flutamide. However, in adult testes, the inhibition was observed only with 2, and not with 10, mg/kg⅐d of the antiandrogen. It is shown here that these differences between prepubertal and adult testes could be related to dual and opposed regulation of claudin-11 expression resulting from positive control by androgens and an inhibitory effect of postmeiotic germ cells. Indeed, testosterone is shown to stimulate claudin-11 expression in cultured Sertoli cells in a dose-and time-dependent manner (maximum effect with 0.06 M after 72 h of treatment). In contrast, postmeiotic germ cells potentially exert a negative effect on claudin-11 expression, because adult rat testes depleted in spermatids (after local irradiation) displayed increased claudin-11 expression, whereas in a model of cocultured Sertoli and germ cells, spermatids, but not spermatocytes, inhibited claudin-11 expression. The apparent absence of claudin-11 expression changes in adult rat testes exposed to 10 mg/kg⅐d flutamide therefore could result from the antagonistic effects of 1) the inhibitory action of the antiandrogen and 2) the stimulatory effect of the apoptotic germ cells on claudin-11 expression. Together, due to the key role of claudin-11 in the hemotesticular barrier, the present findings suggest that such regulatory mechanisms may potentially affect this barrier (re)modeling during spermatogenesis. (Endocrinology 146: 1532-1540, 2005) 
S EVERAL RESEARCHERS HAVE shown that in experimental rodent models an endocrine (androgen) disruption during gestational life alters androgen-dependent reproductive development and function (1-4; for reviews, see Refs. 5 and 6). One of the most frequently used experimental models of antiandrogens is the potent nonsteroidal antiandrogen flutamide, gestational exposure to which causes, in particular, hypospadias, undescended testes, and impaired spermatogenesis in male offspring (7) (8) (9) (10) (11) . Although the molecular and cellular mechanisms underlying hypospermatogenesis in the adult rat exposed in utero to flutamide remain poorly understood, we previously reported that such an alteration could be related to a long-term apoptotic cell death process in meiotic and postmeiotic germ cells, with a significant increase in the expression and activation of effector caspase-3 and -6 (12) , and an alteration in the balance between pro-and antiapoptotic Bcl-2 related molecules in favor of proapoptotic proteins (13) . Although the death process that follows gestational exposure to flutamide does not affect adult somatic cells, their expression of the androgen receptor (AR) makes them a direct target of testosterone (and thus of flutamide) (14, 15) , and these findings suggest that in seminiferous tubules, Sertoli cells (and peritubular myoid cells?) may produce androgen-regulated factors involved in the survival of germ cells.
Claudin-11, also known as oligodendrocyte-specific protein (OSP), belongs to the claudin family of intrinsic transmembrane proteins (16) . First described in the myelin sheaths of the central nervous system (17) , studies have shown that it is specifically expressed in oligodendrocytes in the brain and Sertoli cells in the testis, where it is responsible for the formation of specific parallel tight junction strands (16, 18, 19) . In the mouse testis, claudin-11 has been shown to be hormonally regulated (FSH and testosterone) (20, 21) and is a key factor in establishment of the hemotesticular barrier. Indeed, testicular claudin-11 expression is at its maximum between postnatal d 6 and 16, during the formation of the hemotesticular barrier (20) , and mice invalidated for this gene are infertile, with the loss of claudin-11 expression causing a disruption of this barrier, leading to an arrest in spermatogenesis (19) .
In the present study we investigated whether fetal exposure to flutamide affected claudin-11 messenger and protein levels in rat Sertoli cells at the time of two key events in postnatal testis development: 1) before puberty (postnatal d 14) during the establishment of the hemotesticular barrier, and 2) in adulthood (postnatal d 90) at the time of full sper-matogenesis when all germ cell types are present. Claudin-11 mRNA and protein levels were also studied in the brain of adult male rats exposed in utero to the antiandrogen.
Materials and Methods Materials
Flutamide was purchased from Sigma-Aldrich Corp. (Meylan, France), dissolved in an aqueous solution of methylcellulose 400 (Fluka, Mulhouse, France) at 0.5% (wt/vol), and stored at 5 C (Ϯ3 C) for a maximum of 1 wk. Sigma-Aldrich Corp. was also the supplier for BSA, hexanucleotide primers, insulin, transferrin, gentamicin, HEPES, sodium bicarbonate, trypsin, and deoxyribonuclease I. Collagenasedispase was obtained from Roche (Mannheim, Germany 
Animals
Virgin female Sprague Dawley rats (Charles River Laboratories, Saint Aubin les Elbeuf, France) were individually housed under controlled conditions of lighting (12 h of light, 12 h of darkness), temperature (22 Ϯ 2 C), humidity (55 Ϯ 15%), and ventilation (ϳ15 air changes/h) and were given free access to water and feed (certified rodent pellet diet A04C, UAR, Villemoisson-sur-Orge, France). Females were mated on a one to one basis with males of the same strain, purchased from the same supplier. Day 0 of gestation (GD0) was the day a vaginal sperm plug was observed. Before mating and during gestation, dams were housed in suspended stainless steel wire mesh cages. Shortly before parturition and during lactation, dams were housed in Makrolon cages (Charles River) with soft wood bedding.
Pregnant rats were administered daily the vehicle (methylcellulose) alone or flutamide by gavage from GD10 to the day before delivery (GD21 or GD22). Animals were administered flutamide at doses of 0, 0.4, 2, and 10 mg/kg body weight⅐d (adjusted daily for body weight). Dams were weighed daily from GD10 to the day of delivery. At birth, each pup was sexed, weighed, and identified. The male offspring received no flutamide treatment and were raised until study termination (postnatal d 14 or 90), when rats were euthanized by CO 2 asphyxiation. The position of each testis was carefully noted. Moreover, each testis was weighed before being fixed or frozen. Only bilateral descended testes were studied in the present report. All studies using animals were conducted in accordance with current regulation and standards approved by Institut National de la Santé et de la Recherche Médicale (French Institute for Health and Medical Research) animal care committee.
Irradiation
Adult Sprague Dawley (90 d old) rats purchased from Iffa-Credo (L'Arbresle, France) were housed in controlled conditions of lighting (12 h of light, 12 h of darkness), temperature (22 Ϯ 2 C), humidity (55 Ϯ 15%), and ventilation (ϳ15 air changes/h) and were given free access to water and feed (certified rodent pellet diet, AO4C, UAR). Before the experimental procedure, an acclimation period of 1 wk was allowed. All rats were anesthetized by ip injection of sodium phenobarbital (45 mg/kg; Sanofi Santé Animale, Libourne, France) 20 min before irradiation. The scrotum of each rat was irradiated by x-ray at a dose of 9 Gy. A 120-kv x-ray beam with 2-mm Al filtration was generated by a Stabilipan (Siemens AG, Erlangen, Germany) orthovoltage machine. A 4-cm diameter lead collimator was used to selectively irradiate both testes while protecting the other organs at risk in the rats. The distance between source and skin was 40 cm. The dose was prescribed and specified at 2.5 mm under the skin of the scrotum, at the center of the testes. Control animals received anesthesia and sham irradiation. Irradiated and shamirradiated animals were euthanized by CO 2 inhalation 10, 26, or 45 d after the experiments. One group of control animals was killed 10 d after sham irradiation, and the other group was killed 45 d after sham irradiation. Each control and treatment group consisted of six animals. For each rat, the left testis was removed and fixed for 24 h in Bouin's fixative, and the right testis was removed for RNA and protein extractions.
Isolation and culture of Sertoli cells
Primary Sertoli cells were isolated from 20-d-old Sprague Dawley rats, as described by Dorrington et al. (22) . Briefly, decapsulated testes were submitted to collagenase dissociation (0.5 mg/ml, 5 min at 30 C) in DMEM/F12 (1:1, vol/vol) medium (1.2 mg/ml sodium bicarbonate, 15 mm HEPES, and 20 g/ml gentamicin) containing deoxyribonuclease I (0.05 mg/ml). At the end of enzymatic dissociation, testicular cells were washed three times by submitting them to gravity sedimentation (3-5 min), and supernatants were removed. The pellets containing the sedimented tubules were also dissociated with a collagenase-dispase treatment, as described above, until small clumps resulted. Cells were then submitted to gravity sedimentation (10 -15 min), supernatants were removed, and the sedimented clumps of Sertoli cells were also washed by centrifugation (200 ϫ g, 10 min). Sertoli cell pellets were resuspended in DMEM/F12 medium (supplemented with 5 g/ml transferrin, 2 g/ml insulin, and 10 g/ml vitamin E), and cells were plated on Falcon petri dishes (BD Biosciences, Franklin Lakes, NJ; 100-mm diameter, 7 ϫ 10 6 cells/dish) and cultured at 32 C in a humidified atmosphere of 5% CO 2 -95% air. This procedure led to a Sertoli cell population free from Leydig cells or mature germ cells, but which contained approximately 15-20% peritubular myoid cells (data not shown). For the coculture studies, 2 ϫ 10 6 Sertoli cells were seeded in 6-cm diameter petri dishes. Testicular germ cells (spermatocytes and spermatids) were isolated from adult rats (90 d old) as described by Boussouar et al. (23) . Three groups of cultured cells were generated: Sertoli cells cultured alone without germ cells, Sertoli cells cultured with spermatocytes (2 ϫ 10 6 cells), and Sertoli cells cultured with spermatids (2 ϫ 10 6 cells). The cells were collected after 72 h of culture. Experiments were repeated at least three times with independent cell preparations.
Total RNA extraction
Total RNAs were extracted using TRIzol, a monophasic solution of phenol and guanidine isothiocyanate, following an improvement of the single-step RNA isolation method developed by Chomczynski and Sacchi (24) . The final amount of RNA was estimated by spectrophotometry at 260 nm.
Coamplification RT-PCR with an endogenous control
Coamplification RT-PCR (25) was performed to determine the mRNA levels of claudin-11, AR, and FSH receptor (FSH-R). Briefly, approximately 2 g total RNA were reverse-transcribed into cDNAs (cDNAs) for 1 h at 37 C using Moloney murine leukemia virus reverse transcriptase (10 U/l) in 1ϫ first strand buffer, random hexanucleotides as primers (5 m), dNTPs (250 m), and dithiothreitol (10 m). PCRs were then performed on 2 l RT product, using the appropriate sense-and antisense-specific primers, Taq polymerase (0.5 U), 1ϫ PCR buffer, 2.5 mm MgCl 2 , dNTPs, and 0.75 Ci [␣-
33 P]dATP. Claudin-11 (0.055 or 1 m) was coamplified with GATA-6 (1 m) or with the ␤-actin (0.1 m) primer pair, GATA-6 (1 m) was coamplified with ␤-actin (0.04 m), FSH-R (1 m) was coamplified with GATA-6 (1 m), and AR (0.5 m) was coamplified with hypoxanthine phosphoribosyltransferase (HPRT; 0.5 m). Coamplification with ␤-actin or HPRT was performed to check that equal amounts of cDNAs were amplified in each reaction tube, and coamplification with the GATA-6 gene was performed to compare claudin-11 and FSH-R mRNA levels with those of another Sertoli cell-specific gene, so as to detect eventual changes in the proportion of this cell type in the testes from flutamide-treated or irradiated animals. PCR mixes were submitted to an initial denaturing step at 95 C, followed by X cycles consisting of 30-sec denaturation at 95 C, 30-sec annealing at melting temperature (Tm), and 30-sec extension at 72 C, and the reaction ended with a final extension step at 72 C: claudin-11: X, 19 cycles; Tm, 55 C; GATA-6: X, 19 cycles; Tm, 55 C; AR: X, 25 cycles; Tm, 55 C; and FSH-R: X, 24 cycles; Tm, 65 C. Primers were as follows: for claudin-11: upstream primer, 5Ј-GATTGGCATCATCGTCACAACG-3Ј; downstream primer, 5Ј-AGCCAGCAGAATAAGGAGCAAC-3Ј (339 bp); for GATA-6: upstream primer, 5Ј-GTGCCAACCCTGAGAACAGT-3Ј; downstream primer, 5Ј-TGGACTGCTGGACAAAATCA-3Ј (198 bp); for ␤-actin: upstream primer, 5Ј-TTGCTGATCCACATCTGCTG-3Ј; downstream primer, 5Ј-GACAGGATGCAGAAGGAGAT-3Ј (146 bp); for AR: upstream primer, 5Ј-ATTGTCCATCGTGTCGTCTCC G-3Ј; downstream primer, 5Ј-GAGTTGACATTAGTGAAGGACC-3Ј (447 bp); for HPRT: upstream primer, 5Ј-CCTGCTGGATTACATTAA AGC-3Ј; downstream primer, 5Ј-GTCAAGGGCATATCCAACAAC-3Ј (354 bp); and for FSH-R: upstream primer, 5Ј-CTCATCAAGCGACACCAAGA-3Ј; downstream primer, 5Ј-ACCTTGAGGGAGGCAGAAAT-3Ј (108 bp). PCR products were resolved on 8% polyacrylamide gels, which were exposed to a Storage Phosphor Screen (Packard, Meriden, CT), and the signals were analyzed using Cyclone OptiQuant software (Packard). Results from at least three separate experiments were used for statistical analysis.
PCR analyses were carried out from the logarithmic phase of amplification, and different cycle numbers were tested for each primer pair to determine the minimum number of cycles necessary to detect the PCR product. Primers were designed inside separate exons to avoid any bias caused by residual genomic contamination. For all primers, no amplification was observed when PCR was performed on RNA preparations. Finally, PCR-amplified products were checked by direct sequencing using an automated sequencer (ABI PRISM 310, Applied Biosystems, Foster City, CA).
Western blotting analysis
Proteins (40 g) from whole adult testis or brain were separated on 10% (AR) or 12% (claudin-11) sodium dodecyl sulfate-polyacrylamide gels and electrophoretically transferred to nitrocellulose membranes using 25 mm Tris and 185 mm glycine for claudin-11 or 15 mm Tris and 120 mm glycine for AR, pH 8. 
Terminal deoxynucleotidyltransferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL)
Testes were immediately fixed for 24 h in Bouin's fluid, stepwise dehydrated in graded ethanol baths, and embedded in paraffin. Paraffin sections of Bouin-fixed testes were sectioned at 5 m. The sections were mounted on positively charged glass slides (SuperFrost Plus, MenzelGlaser, Braunschweig, Germany), deparaffinized, hydrated, treated for 20 min at 93-98 C in citric buffer (0.01 m, pH 6), rinsed in osmosed water (twice, 5 min each time), and washed (twice, 5 min each time) in TBS, pH 7.8. TUNEL reaction was performed as previously described (26) , and slides were counterstained for 2 min with Mayer's hematoxylin. In each rat testis, at least 100 random seminiferous tubules were counted. The results are expressed as the number of TUNEL-positive cells per 100 seminiferous tubules.
Hormone assay
Blood samples, taken from 14-or 90-d-old rats selected in each control or treated group across litters, were taken by retroorbital puncture after isoflurane anesthesia. Plasma samples were kept frozen until testosterone or FSH was analyzed using a specific RIA. Specific kits were supplied by Amersham Biosciences (Orsay, France) for FSH and by Immunotech (Marseille, France) for testosterone. Packard provided the RIASTAR program (Canberra Co., Meriden, CT).
Data analysis
Data are expressed as the mean Ϯ sem. At least four different male offspring (n ϭ 4 -11/condition) from different litters were used. For statistical analysis, one-way ANOVA was performed to determine differences among all groups (P Ͻ 0.05), and the Bonferroni/Dunn posttest was performed to determine the significance of the differences between pairs of groups. P Ͻ 0.05 was considered significant. The statistical tests were performed on StatView software (version 5.0, SAS Institute, Inc., Cary, NC) on a Macintosh computer (Apple Computer, Cupertino, CA).
Results

Effects of exposure to flutamide during fetal life on claudin-11 mRNA levels in prepubertal and adult rat testes
In these experiments we analyzed the expression of claudin-11 in prepubertal (14 d old) and adult (90 d old) rat testes exposed in utero to 0.4, 2, and 10 mg/kg⅐d flutamide. Data presented in Fig. 1A show that claudin-11 mRNA levels were significantly reduced in testes from 14-d-old rats treated in utero with 2 (35% decrease; P Ͻ 0.0001) and 10 (50% decrease; P ϭ 0.0001) mg/kg⅐d flutamide. In parallel, a decrease in claudin-11 protein was observed in a significant (30% decrease; P ϭ 0.008) manner at 10 mg/kg⅐d flutamide (Fig. 1B) . Figure 1C shows that in the adult (90 d old) testes treated in utero with 2 mg/kg⅐d flutamide, claudin-11 mRNA levels were significantly reduced by 25% (P Ͻ 0.0001), whereas at the dose of 10 mg/kg⅐d flutamide, such a decrease in claudin-11 mRNA levels was no longer observed in adult testes compared with prepubertal (14 d old) testes.
Data obtained by Western blotting analysis showed similar results for protein levels (Fig. 1D) . Indeed, in adult rat testes exposed in utero to 2 mg/kg⅐d flutamide, a 50% decrease in claudin-11 protein levels was found (P Ͻ 0.005), and again, in the 10 mg/kg⅐d-treated rats, this decrease in testicular claudin-11 levels was not observed.
To determine the specificity of claudin-11 expression changes in Sertoli cells, we evaluated in parallel AR mRNA and protein levels, FSH-R mRNA levels, and the expression of the gene coding for GATA-6, a transcription factor member of the GATA-binding protein family that is specifically expressed in Sertoli cells (27) . AR mRNA (data not shown) and protein levels in prepubertal ( Fig. 2A) and adult (Fig. 2B ) rat testes were not affected after in utero exposure to the various doses of flutamide. Similarly, FSH-R mRNA levels in prepubertal (Fig. 2C) and adult (Fig. 2D ) rat testes were not modified by fetal treatment with the antiandrogen, as were GATA-6 mRNA levels in prepubertal (data not shown) or adult (Fig. 2E ) rat testes.
Because Sertoli cell activity is predominantly under androgen and FSH control, the changes in claudin-11 expression could be related to modifications in plasma testosterone and/or FSH levels. However, the data in Table 1 show that plasma testosterone levels were not significantly affected in either prepubertal (14 d old) or adult (90 d old) rats exposed in utero to flutamide. Similarly, FSH levels in adult rats exposed in utero to flutamide were not altered ( Table 2) . Taken together, the data in Fig. 2 and Tables 1 and 2 indicate that the alterations in claudin-11 expression in prepubertal and adult testes exposed in utero to flutamide were not related to altered androgen and/or FSH plasma levels and/or changes in AR/FSH-R expression.
Because the inhibition of claudin-11 expression observed at a dose of 10 mg/kg⅐d in prepubertal testis was not evident in adult testis, it was hypothesized that testicular claudin-11 expression could be under two (opposite) regulations: 1) a positive regulation exerted by androgens, which could explain the inhibitory effect of flutamide specifically observed at 2 mg/kg⅐d; and 2) an additive negative effect exerted by postmeiotic germ cells, present in the adult, but not in the prepubertal, testis. In the following experiments, we therefore tested the regulatory effects of testosterone and germ cells on claudin-11 expression in the testis.
Claudin-11 expression is under positive control of testosterone in testis
To study the regulation by androgens of claudin-11 expression, messenger and protein levels were evaluated in a model of cultured rat Sertoli cells. Sertoli cells were treated with various concentrations of testosterone (7 nm to 3.5 m; 2-1000 ng/ml) for various periods (4 -96 h). The data in Fig.  3A show that claudin-11 mRNA levels were up-regulated in a testosterone dose-dependent manner. The maximal effect was obtained with 583 nm (170 ng/ml) testosterone (P Ͻ 0.001). Treatment with 875 nm (250 ng/ml) showed that the regulation of claudin-11 by testosterone was time dependent (Fig. 3B) , with an increase in claudin-11 mRNA levels after 48 h of testosterone treatment and a maximal effect after 72 h (P Ͻ 0.0001). In control experiments we ensured that basal FIG. 2. Effects of in utero exposure to flutamide on AR protein levels, FSH-R, or GATA-6 mRNA levels in rat testis. AR protein levels were determined in prepubertal (A) and adult (B) rat testes exposed in utero to vehicle alone (0) or 0.4, 2, or 10 mg/kg⅐d flutamide. The levels of mRNA were determined for FSH-R in prepubertal (C) and adult (D) testes and for GATA-6 in adult (E) rat testes exposed in utero to vehicle alone (0) claudin-11 mRNA levels were not affected throughout the culture period (from 4 -96 h, Fig. 3B ). Similar results were obtained at the protein level (Fig. 3C) ; claudin-11 protein levels were increased by more than 2-fold after 72 h of treatment with 875 nm (250 ng/ml) testosterone (P Ͻ 0.001).
Claudin-11 expression is under negative control of postmeiotic germ cells in testis
To answer the question of whether claudin-11 expression could be regulated by germ cells, we evaluated claudin-11 expression in two models: 1) a model of locally irradiated (9 Gy) adult (90 d old) rat testis, and 2) a model of Sertoli cell-germ cell cocultures. The first model enabled sequential removal of premeiotic and postmeiotic germ cells (28, 29) , thus allowing study of the possible regulation of claudin-11 expression in Sertoli cells by the different types of germ cells. Consistent with the literature (29) , in control experiments, testes from rats killed 10 d after irradiation were practically devoid of spermatogonia; 26 d after irradiation, very few premeiotic germ cells were observed; and in testes from rats killed 45 d after irradiation, postmeiotic germ cells were very low in number, but spermatogonia were observed (data not shown). Figure 4A shows an increase in testicular GATA-6 mRNA expression on d 26 (1.3-fold; P Ͻ 0.0001) and d 45 (1.5-fold; P Ͻ 0.0001) after irradiation. This increase in GATA-6 expression was observed in the testes depleted in the two most represented germ cell types (pachytene spermatocytes and spermatids). This would suggest that the increase in GATA-6 expression is probably related to the subsequent relative concentration of Sertoli cells. For this reason, we expressed claudin-11 mRNA levels as claudin-11/GATA-6 ratios in Fig.  4B . This figure shows that claudin-11/GATA-6 mRNA levels were similar to control levels in testes that were practically devoid of premeiotic germ cells (10 and 26 d after local irradiation), whereas claudin-11/GATA-6 mRNA levels were increased by 2.5-fold (P Ͻ 0.0001) in testes lacking postmeiotic germ cells (45 d after irradiation). For claudin-11 protein levels, Fig. 4C shows that a 2-fold increase (P ϭ 0.0031) was found in the testes from rats killed 45 d after irradiation, compared with the sham-irradiated testes. Furthermore, in the second model of Sertoli cell-germ cell cocultures, a significant decrease (40%; P Ͻ 0.007) in claudin-11 mRNA levels was observed when Sertoli cells were cocultured with spermatids. In contrast, no changes in claudin-11 levels were evident in Sertoli cell-spermatocyte cocultures (Fig. 4D) . Taken together, these data clearly suggest that postmeiotic germ cells exert an inhibitory effect on claudin-11 expression in Sertoli cells.
Effects of exposure to flutamide during fetal life on claudin-11 mRNA and protein levels in adult rat brain
In contrast to that in testis, claudin-11 expression was not altered in adult rat brain after in utero exposure to the antiandrogen for all doses studied. Indeed, mRNA and protein levels in flutamide-treated animals were similar to those in control animals (data not shown). 
Discussion
OSP/claudin-11 was first described in the myelin sheaths of the central nervous system by Bronstein et al. (17) , where it represents 7% of total myelin proteins, making it a major component of central nervous system myelin (18) . OSP cDNA was first identified as being expressed in oligodendrocytes by subtraction cloning and has been localized on human chromosome 3 (3q26.2-q26.3) (17) . OSP was later also found to be specifically expressed in Sertoli cells of the testis, but not in the ovary (16, 20) . Morita et al. (16) found that OSP shared sequence homology with the claudin superfamily of tight junction proteins, and like other claudins, this protein was found to induce the formation of tight junction strands when transfected in fibroblasts; it was therefore renamed claudin-11 (for a review on claudins, see Ref. 30) . The study by Gow et al. (19) of OSP/claudin-11-null mice confirmed the essential roles of this claudin in the establishment of specific tight junction strands in the brain and testis by showing both neurological and reproductive defects (hypospermatogenesis) in these mice.
In the present study we primarily investigated whether gestational exposure to flutamide affected claudin-11 mRNA and protein levels in rat Sertoli cells at the time of two key events in postnatal testis development: 1) before puberty (postnatal d 14) , during establishment of the hemotesticular barrier, which starts on postnatal d 15-18 in the rat (31); and 2) in adulthood (postnatal d 90), at the time of full spermatogenesis when all germ cell subtypes are present. To study gene expression changes in this model, the doses of the antiandrogen were chosen to avoid or minimize important germ cell loss that may confound interpretation of the effect of flutamide on testicular gene expression (7) . Indeed, alterations in testicular cellularity (i.e. the ratio of somatic cells to germ cells) may confound interpretation of the effects of the antiandrogen on gene expression in the various testicular cell types (for review, see Ref. 32) , specifically here on claudin-11 expression in the Sertoli cell population.
To ensure that the variations in claudin-11 levels were specific and linked to exposure to the antiandrogen, we studied the expression of another gene specifically expressed in Sertoli cells, the GATA-6 gene that codes for a member of the GATA-binding protein family and has been reported not to be hormonally regulated in the testis (27) . Our results show that GATA-6 expression was not altered in 0.4, 2, and 10-mg/kg⅐d flutamide-treated testes in either prepubertal (14 d old) or adult (90 d old) animals, confirming the absence of hormonal dependence of this gene.
The data reported here show that claudin-11 mRNA levels in prepubertal (14 d old) and adult (90 d old) rat testes showed regulation similarities, because neither were affected by exposure to 0.4 mg/kg⅐d flutamide, but both declined with a dose of 2 mg/kg⅐d of the antiandrogen. However, at the dose of 10 mg/kg⅐d, a major difference in claudin-11 mRNA modulation was found depending on the age of the testis. Indeed, the inhibition of claudin-11 expression observed at the dose of 10 mg/kg⅐d in prepubertal testis was no longer evident in adult testis. We hypothesized that the effect of flutamide at 10 mg/kg⅐d in adult rat testes could be due either to a U-curve response to the antiandrogen, with an absence of response to flutamide at the dose of 10 mg/ kg⅐d, or to an additive event occurring in the adult testis (the presence of postmeiotic germ cells) that could enhance claudin-11 levels and thus mask the inhibitory effect of the antiandrogen on testicular claudin-11 expression that was detected in prepubertal testes exposed to 10 mg/kg⅐d flutamide. Based on these observations, it was therefore hypothesized that testicular claudin-11 expression could be under two (opposite) regulations: 1) a positive regulation exerted by androgens, which could explain the inhibitory effect of flutamide specifically observed at 2 mg/kg⅐d; and 2) an additive negative effect exerted by the meiotic and/or postmeiotic germ cells present in adult, but not prepubertal, testis.
Using a model of cultured Sertoli cells, it was shown that, as in the mouse (21), claudin-11 expression is positively regulated by androgens in the rat testis, because claudin-11 mRNA and protein levels were up-regulated in a time-and dose-dependant manner in cultured rat Sertoli cells treated with various doses of testosterone at different times. The maximal stimulatory effect on mRNA levels was obtained with 583 nm (170 ng/ml) testosterone after 72 h of treatment. Although high, this concentration of testosterone is within the range of those reported for interstitial fluid collected from adult untreated rats (31, 33) . It remains to be determined, however, whether testosterone affects claudin-11 gene transcriptional activity, mRNA stability, or both or claudin-11 protein stability and/or turnover and whether the stimulatory effect on claudin-11 is direct, because there is a relatively long period of latency between the time of treatment and the stimulatory effect observed on claudin-11 expression. This period of latency could also be due to participation of peritubular myoid cells in the androgen-dependent control of claudin-11 expression, because the Sertoli cell cultures used contained peritubular myoid cells.
In this study we also report that claudin-11 expression could be negatively regulated by factors produced by postmeiotic germs cells. Indeed, using a model of locally irradiated (9 Gy) rat testis that allows sequential removal of the different populations of germ cells, we found an increase in claudin-11 expression at both mRNA and protein levels in testes that are devoid of postmeiotic germ cells, but not in testes lacking spermatogonia or spermatocytes. These results were also supported by the use of an in vitro model of Sertoli cells cocultured with germ cells (spermatocytes or spermatids), in which claudin-11 mRNA levels were inhibited exclusively in the presence of spermatids. These observations clearly support an inhibitory effect exerted by postmeiotic germ cells on claudin-11 expression in Sertoli cells. The factors mediating the inhibitory effect of germ cells on claudin-11 expression are not known at present, but good candidates could be cytokines such as TNF␣ and TGF␤3. Indeed, these factors are produced by germ cells (34 -36) and have receptors localized on Sertoli cells (35, 37, 38) , and previous results published by our laboratory (20) and by Lui et al. (39 -41) have shown that they are potent inhibitors of claudin-11 expression.
This dual and opposed regulation by androgens and postmeiotic germ cells of the expression of claudin-11 could therefore explain the apparent lack of effect of fetal treatment with the antiandrogen in testes from adult rats treated with 10 mg/kg⅐d, at which dose maximal (postmeiotic) germ cell death was observed (Table 3) (12, 13) . Indeed, at this dose, both regulatory events could coexist, with a flutamideinduced down-regulation of claudin-11 expression that could be opposed to the loss of postmeiotic germ cells upregulating claudin-11 expression.
Because it was shown that claudin-11 was positively regulated by androgens, both AR expression and plasma testosterone levels were studied in postnatal animals exposed to the antiandrogen. No alterations in AR mRNA and protein levels were found in either prepubertal (14 d old) or adult (90 d old) rat testes exposed in utero to the three doses of flutamide tested. Hormone assay showed that serum testosterone levels were not significantly different from control levels in rats exposed in utero to flutamide either at a prepubertal age (14 d old), which has not been previously reported, or during adulthood (90 d old), and this is consistent with the literature (10, 11, 42) . Taken together, these results suggest that specifically in rat testes exposed in utero to flutamide, alterations in the expression of claudin-11 by the antiandrogen are probably exerted at a post-AR level(s). This post-AR lesion(s) could be related to some changes in epigenetic mechanisms; for example in the methylation pattern of the androgen-dependent target gene promoters, as suggested by McLachlan for c-fos and lactotransferrin gene promoters in diethylstilbestrol-treated animals (43) . Moreover, because during fetal exposure to the antiandrogen flutamide, AR expression in seminiferous tubules occurs mainly in peritubular myoid cells (44) (our unpublished data), it is possible that the participation of these cells is crucial to alterations in claudin-11 expression in postnatal Sertoli cells. Moreover, because claudin-11 is negatively regulated by FSH (20), we evaluated both plasma FSH levels and FSH-R expression, which were not found to be affected. Finally, the present findings of the positive control exerted by testosterone on claudin-11 expression suggest that testosterone could have an important role in modulation of the structure of the hemotesticular barrier and could be one of the factors controlling the opening and closing of this barrier during germ cell translocation into the adluminal compartment during the course of spermatogenesis. Such a positive regulatory action of the androgen is consistent with the report by Gye (21) . The events contributing to the opening and closing of the hemotesticular barrier still remain unclear, but in view of our results and those of others, it could be hypothesized that both the endocrine system and the germ cells themselves, via factors they synthesize, could control the process of hemotesticular barrier complex dissolution and reformation that occurs during germ cell passage into the adluminal compartment. Indeed, the inhibitory effects of FSH, by decreasing claudin-11 expression (20) , may favor the opening of junctions between Sertoli cells, allowing germ cell translocation into the adluminal compartment. The corollary of such a hypothesis is the existence of a stimulating factor, which could enhance claudin-11 levels, leading to closing of the hemotesticular barrier at the end of germ cell translocation. Based on our present findings and those of others, it could be suggested that testosterone, by stimulating claudin-11 [either directly (45) or indirectly via proteins interacting with claudin-11, such as integrin ␤ 1 , OAP-1 (46), or occludin (45)], could allow the reassembly of the barrier after germ cells have translocated. In contrast, postmeiotic germ cells, by regulating claudin-11 expression, may control translocation of premeiotic germ cells into the adluminal compartment to undergo meiosis, perhaps via (local) factors originating from germ cells, such as TNF␣ (20) and TGF␤3 (39 -41) , which (negatively) control claudin-11 in Sertoli cells.
Together, fetal androgen disruption appears to alter, in a complex manner, claudin-11 expression in postnatal rat testis. Indeed, although in the prepubertal testis, i.e. at the crucial moment of establishment of the hemotesticular barrier, a clear inhibitory effect is observed, in the adult testis, the apoptotic process that affects postmeiotic germ cells is likely to increase claudin-11 expression, as supported by the locally irradiated testis and coculture models we used here. These findings suggest that in utero exposure to flutamide may induce hypospermatogenesis through alterations of claudin-11 expression, potentially resulting in hemotesticular barrier (re)modeling impairment, although additional experiments are required to confirm this. Finally, because claudin-11 is also expressed in the brain, we show in this study that claudin-11 expression is altered in the testis, but not in the brain, of male rats treated in utero with the antiandrogen flutamide, suggesting that transcription factors and coregulator elements in testis and brain might be different, thus leading to tissue specificity.
In summary, the present study shows the variations in the expression of claudin-11 in testes of prepubertal and adult rats exposed during gestation to the antiandrogen flutamide. Our results indicate that claudin-11 expression is altered in postnatal testes with fetal androgen disruption, and that in Sertoli cells, this gene and its product are under dual and opposite regulation, i.e. a stimulatory action exerted by androgens and an inhibitory effect originating from postmeiotic germ cells.
